radio waves, the interest of both the general public and the specialists or authorities has increased in view of the potential negative effects on human health. This required the replacement of the above-mentioned Directive only after 9 years of applicability, which is a record in the "world" of European legislation.
This unusual dynamic is a convincing and plain argument for the actuality but also for the subtleties of the addressed issue. More specifically, the new Directive assumes more rigorous defined values for the so-called Exposure Limit Values (ELVs) and Action Levels (ALs) as regarding the induced electric fields in the body and respectively, the measured non-ionizing field strengths in the controlled environment.
In essence, this document does not deal with the possible long-term effects of variable electric and magnetic fields, a domain in which fundamentally different views and approaches exist in the international community of the strongest interdisciplinary collectives of researchers.
The Directive mainly establishes in an engineering manner the limitation of exposure to electrical and magnetic fields at values below those at which biophysical (direct or indirect) effects were scientifically proven.
One basic principle stipulates: better to prevent than to attempt restoring health! The original guidelines established by International Commission on Non-Ionizing Radiation Protection (ICNIRP) are based on the recording of short-term sensory effects related to action of internal electric fields on the central nervous system, the most well-known phenomenon being the "retinal phosphenes".
There are many (quasi-different) approaches regarding the "correlation" between the electric and magnetic field strengths in the human's environment and the induced electric fields and current densities in the human body.
Obviously, they are considered as unacceptable, current densities that become comparable to currents produced by heart beats or producing excitations of the optic or acoustic nerve.
Any employer should adopt actions aiming to protect his employees, by not overcoming these (measurable) values for the ALs of the electric and magnetic fields in the workplace neighborhood. The ELVs and ALs, stipulated in this Directive, are founded on the suggestions released by ICNIRP, in 1998 and later in 2010, even if the terms and the limit themselves are quite different.
More specifically, the ELVs refer to the maximum levels accepted for the electric fields induced in the human body due to the presence in the workers' environment of any alternative magnetic or electric fields, corresponding to the ICNIRP basic restrictions, while ALs represent the corresponding "ICNIRP reference values" for the external electric and magnetic fields that could be directly measured.
The effects might be: direct (thermal, mainly heating but also non-thermal, like electric fields induced in the body determining stimulation of muscles, nerves or sensory organs or like currents established in the limbs) or indirect, caused by the action of a specific object placed in the field (pacemakers, other implants, detonators or fires produced by sparks).
Stake-holders' expectations in relation to the part of the verification and control that must be done by the engineers concern first of all the correct measurement of the incident fields and, in the next stage, the calculation, analytical or by modeling, of the current densities or electric fields induced within the human body.
SUPPORT FOR MICRO, SMALL AND MEDIUM-SIZED ENTERPRISES
The Directive in its second chapter, entitled "Obligations of Employers" is executive, with three consecutive types of action: the assessment of risks, (identification of places with possible high exposure levels followed by their determination, by measurement or calculation), actions that should be done in order to avoid or at least to reduce the assessed risks and the effective participation of the workers at miscellaneous programs of training, also including continuous information and consultation.
For the effective implementation of Directive 2013/35/EU, the Commission has elaborated various practical guides, accepted by the regulation authorities in the domain that should provide a reliable scientific approach of the effective exposure to non-ionizing radiations, coupled with the evaluation of the efficiency of the adopted reducing methods [2] .
There are two fundamental aspects that this Directive wants to regulate. Of course, mainly it is the health and safety of all EU workers. But equally important is the creation of a nondiscriminatory business environment which, by imposing the same restrictions on all (industrial) operators, supports the framework of a fair economic competition.
Is there really a need for technical and logistic support for Micro, Small and Medium-sized Enterprises (MSMEs)? Undoubtedly YES, the answer being argued by the following statistics.
In the EU, over 92 % of enterprises are micro or small (having less than 10, respectively 50 employees), providing about 67 % of jobs, thus being vital for the EU economy. In order to survive and withstand the market, they have to face many challenges, one of them being the compliance of the same quasi-tough restrictions from the point of view of OSH as the large enterprises, which have completely different human and financial resources.
Evidences of European Agency for Safety and Health at Work (EU-OSHA) show that MSMEs have greater difficulties in controlling risks than larger ones. Various studies, including the EU-OSHA's own European Survey of Enterprises on New and Emerging Risks (ESENER) [3] , show that the challenges in handling OSH are particularly significant as the enterprises get smaller.
In other words, it is expectable as a medium or small employer cannot afford to permanently engage high qualified workforce, needing expensive instrumentation and sophisticated software for a reliable certification of the adherence to the stipulated exposure limits. Pre-compliance tests and methodologies should be easier to be performed, offering a good preparation for the strictly specialized measurements. The main objective of the here presented paper is to propose a practicable sequence and an affordable device for assessing the low frequency (up to 100 kHz) electric fields (LFEF) in the residential or occupational environment. Additionally, a modeling done by using open source software, which allows comparison with effectively performed measurements, leading to approximately equivalent or just only comparable results should be beneficial for validation.
E-FIELD EXPOSURE, FROM ELV TO AL
The guidelines evolved by international authorities, mainly focused on health effects of the electric and magnetic fields, generally consider three "frequency milestones", 1 Hz, 100 kHz and 10 MHz that divide the spectrum in four ranges: static, low frequency, medium frequency and high frequency. This partition is justified by the intrinsic nature of the dominant effects: non-thermal (nerve or muscle stimulation), dominant for frequencies lower than 100 kHz or thermal (heating of the tissue as a result of energy absorption, firstly in the skin region), for higher frequencies, with different measurement techniques and associated instrumentation used for an accurate determination.
For frequencies up to 100 kHz, the near field -far field border is at least at 500 m distance from the source, involving the compulsoriness of different measurements for the separated electric and respective magnetic fields [4] .
In principle, high voltages (meaning high linear density of charge, measured in C/m) are generating dominant electric fields, while large currents are mainly sources of dominant magnetic fields. Obviously, the electric or magnetic fields have different units of measurement, so they cannot be compared as such. They could, however, be compared by means of the energy values (volumetric density) associated with them, εE 2 /2 and respective µH 2 /2. If the densities of these stored energies are equal (in free space) the value 120π (377 Ω) is obtained for the ratio between electric and magnetic field strengths, the wellknown characteristic impedance of free space. A higher value for this ratio means the preponderance of the electric field.
By establishing the need for separate approaches, in this paper we only deal with human exposure to electric fields having frequencies lower than 100 kHz.
The electric fields are generated by the electric charges that produce a potential difference between the "plates" of a permanent or just occasionally appeared capacitor. The biunivocal link between voltage and electric field could be very easy disturbed by any object with some electric properties placed between the source and the measuring point. More specifically, the human body, a good conductor at low frequencies, significantly disturbs the distribution of the electric field lines in its vicinity.
There are many international agencies and organizations involved in establishing exposure restrictions on scientific basis: ICNIRP [5] , [6] , Institute of Electrical and Electronics Engineers-International Committee on Electromagnetic Safety (IEEE-ICES) [7] , [8] , World Health Organization (WHO) or International Agency for Research on Cancer (IARC).
An external (alternative) electric field induces a superficial electric charge on the surface of the exposed body. This phenomenon implies the emergence of internal currents required to "move" the induced electric charges on the body surface.
Physicians and biologists have ascertained internal electric fields with the smallest sensory effects and respective higher values at which adverse health effects may occur [1] , Table 1 .
It should be here recalled that in the previous documents elaborated by ICNIRP in 1998 [5] and assumed by EU immediately after 2000, are mentioned as base restrictions not the induced internal electric fields but the induced current densities that could produce stimuli of the central nervous system. These values were around 10 mA/m 2 .
Anyway (1) Initiating from these basic restrictions, reference levels (maximum accepted values for the incident, exterior electric field, also called ALs) have been set, which should not be exceeded.
The basic idea is that an accurate and non-invasive measurement of about 1 V/m electric fields or 10 mA/m 2 current densities (all set inside the human body) represents a virtually impossible task. Measuring four orders of magnitude higher electric fields in the free space is a much more accessible assignment. These reference levels are calculated on the basis of simplified models, taking into account the maximum possible coupling of the field to the exposed person, representing a well desired safety margin.
Experts dealing with the dosimetry for exposure to LFEF, in principle agree with some general statements [9] , [10] :
• considering a certain external field, the highest values of the internal electric field are registered when the body is firmly electrically grounded, while the lowest values are associated with the "free space" situation (body insulated from the ground);
• the current established in the grounded body is significantly influenced by physical dimensions (height and weight) and also by the posture (seated, standing or even lying on the floor) [11] , [12] ;
• the distribution of the induced currents inside the body is not uniform, being decisively determined by the conductivity of various organs and tissues;
• the maximum coupling is met when the external electric field is parallel to the body vertical axis.
It is useful to remember that a contact with a good conductor placed in an electric field could be a source for indirect currents set up in the body.
As order of magnitude, the internal induced field is much smaller than the exterior one (for instance, about six times smaller at the power frequency). The internal electric field strength is very complicated to be assessed but could be computed by using electrically sophisticated heterogeneous models. It is advisable to apply a supplementary reduction factor of 3 to the so calculated values, in order to cover the great uncertainties in the dosimetric domain [13] , [14] .
At first glance, the field internally induced in the human body seems far too small compared to the outer electric field. This can be easily understood by imposing the continuity condition on the electric flux density, which is the product of the dielectric permittivity and the electric field strength. At low frequencies, the relative permittivity of human tissues and Table1. Health and sensory effects ELVs for internal electric field strengths (base restrictions); f is the frequency expressed in hertz (Hz). organs has values in the order of 10 5 -10 7 [15] . These action levels could be measured or calculated (analytical or by modeling), representing the highest values encountered at the employees' body position. We have to note that in specific non-sinusoidal conditions, the exposure evaluation must be based on the weighted peak method, involving filtering in the time domain, [16] .
Two levels of exposure limits are to be considered:
• for general population, also called "public" or "residential" (people of various ages and state of health, including children and grey-headed persons, untrained and uninformed, being possible to stay 24 hours a day in that environment);
• for certain groups of workers (the so-called occupational exposure, in a controlled environment), for trained, informed, well-conditioned adults, working only a few hours per day in that restricted environment while respecting some protection rules.
In Table 2 there are summarized the reference values for the external E-field strength, accepted by ICNIRP [6] .
The frequency f included in these formulae is expressed in Hz.
The maximum permissible exposure (MPE) levels, the IEEE designation, corresponding to a certain degree to ICNIRP reference levels, for the human whole body exposure to sinusoidal electric fields in the background, stipulated in [8] , are reported in Table 3 . For occupational situations, IEEE utilizes the around synonymous "controlled environment". The ratio between occupational and public acceptable level is 4(frequencies up to 272 Hz) and varies from 2 (ICNIRP recommendations) to 3 (IEEE restrictions) for the higher spectrum.
The European Directive 2013/35/EU is mainly concentrated on occupational exposure, with two levels of "alarm", low and high, presented in Table 4 . While reaching them, some actions are strictly recommended, aiming to reduce the exposure, e.g. to increase the distance or to screen. Anatomically realistic or simpler phantom models could be used for the calculation of induced current densities or induced fields, an example being the Maxwell surface-based phantom used in the practical guide associated with the Directive 2013/35/EU.
MAIN SOURCES OF LFEF
The most frequently encountered sources of LFEF (being significant even in terms of the power involved or due to their omnipresence in our daily environment) are:
• 50 Hz, mains power transport and distribution system (North America and partly, Japan use the frequency of 60 Hz);
•
• older generation Cathode Ray Tube Monitors and TVs have 31 kHz as operating frequency;
• the working frequency of economic lamps is varying in the range 40-45 kHz, depending on power and manufacturer;
• the working frequency of LCD monitors made in TFT (Thin Film Transistor) technology is in the range 42 kHz -57 kHz (depending on the manufacturer, but also on the diagonalsize);
• switched mode power supplies, equipping PCs, laptops or printers have their working frequencies in the range 30 -70 kHz;
• ignition systems of injection engines; • a specific type of radio-frequency service system (RFID), which uses electromagnetic fields to identify and automatically track a specific labeled object (which received a "tag" that contains electronically stored information), usually uses the 125-135 kHz frequency range.
Anyway, the distance d between the emitting source and the measuring point is essential. The electric field is inversely proportional to d 3 for high impedance sources, or only to d 2 for sources having low impedance (rough approximation).
DETERMINATION OF THE EXPOSURE METRIC
As we have seen, aiming to predict and to avoid health risks in epidemiology, some recommended exposure limits were established, associated with a frequency domain. The issue is very complicated as the electric field strength is a multidimensional quantity that varies over space and time, while its interaction with the human body is considerably influenced by the frequency.
The approach is even more challenging if the field polarization is non-linear, the sources have multiplefrequencies, the fields are non-uniform (spatially or temporally), non-sinusoidal or with high harmonic content. It is strongly desirable to have a single number summing up a certain Table 3 . Maximum permissible exposure (MPE) to LFEF, f is the frequency expressed in hertz (Hz). exposure that should be compared with the Action Levels. Many measurements and an algorithm for data processing and analysis are necessary In the low frequency domain (up to 100 kHz), the metrics with high significance are the peak vector magnitude or, mainly, the rms vector magnitude, averaged over the specified period.
In situations of simultaneous exposure to E-fields having different frequencies or non-sinusoidal fields, having significant harmonics, compliance with the imposed limits should be additively checked as stipulated in (2) (2) where Eimeas represents the rms values of electric field measured for every frequency of the spectrum and EiRef is the corresponding reference value for that frequency, as it is specified in the appropriate Table 2, Table 3 or Table 4 .
Aiming to decompose the fields with complex, pulsed patterns, the Fast Fourier Transformation techniques are the best option, usually included in the firm software of now-a-days (even hand-held) spectrum analyzers.
ASSESSING THE EXPOSURE TO LFEF IN A LABORATORY CLASS WITH 16 NETWORKED PCS.
As basic device we have used a hand-held, low frequency spectrum analyzer, SPECTRAN NF 5305, by USB connected to a laptop running the MCS dedicated software produced by Aaronia AG Electronics Manufacturer, Germany. Even if this spectrum analyzer already has an internally integrated sensor for electric fields, we have complementary used an external capacitive sensor, battery powered, connected at the provided external input (SMA socket) of the device, Figure 1 [17] .
Unlike the case of close magnetic field sensors, the physical detection principles for low frequency electric fields are less numerous. Very important is the influence that the sensor itself exerts on the detected field strength, the frequency related sensitivity, detection range and linearity. A modern approach for electric field measuring should be the electro-optical effect or the variability of gate to source voltage for some special field effect transistors.
Quasi affordable for manufacturing in an ordinary laboratory is the measurement of induced electrical charges on a sensing capacitor (with magnitude order of 100-200 pF), followed by a differential amplifier.
The sensor's geometry could be plate (rectangular) or even spherical. The induced charge on one half of this field meter is directly proportional to the electric field that is parallel to its axis, the sensitivity depending on the effective area where the electrical charge could be induced:
(3) where, as we have previously stated, S is proportional to the sensor's active surface area, in our case 50 cm 2 (the surface of a circle with 4 cm radius).
The current established between the electrodes of the capacitive sensor is the time derivative of the induced charge (the field being time-harmonic) while the meter is considered as "free body" (isolated from the ground): = ωS 0 (4) Another type of sensor, this time non-directional that can also be easily hand-crafted, is presented in Figure 2 .
Due to the relatively small length (and surface), this sample has little sensitivity compensated by the advantage of accurately locating the emitting source.
If a more sensitive sample is desired (which can "pick" lower value fields) at the cost of reducing the resolution, the key might be the "sphere" sample. The handle is made of a semirigid coaxial cable of 50 Ω connected to the BNC connector by means of a resistor of 50 Ω as impedance adaptation. At the other end of the coaxial cable, the central conductor is attached to a conductive sphere having a diameter of 3-5 cm. The assembly becomes rigid due to the plastic insulator material, also preventing short circuits that might occur during measurements. Due to the presented spatial symmetry, both stub and sphere probes are omnidirectional.
With the hand-held spectrum analyzer, using its own E-field sensor or coupled with our hand-crafted ones, we have traced the profiles of the electric field strength in the laboratory class, the contours and a 3D map.
We proposed to measure the exposure around the regions where the heads of the 15 students are expected to be placed. The electric field could be easily perturbed by any (conductive) object; consequently, the classroom was without students, the sensor was mechanically introduced in the area of interest by using a 1.5 meter fiberglass extension pole and the PCs were running a repetitive routine.
At the first survey, E-fields having three frequencies were encountered: 50 Hz (the mains power), 56 kHz (working frequencies of the 16 TFT-LCD displays) and 62 kHz (much These values, expressed in V/m, for the 16 places of interest and 2 significant frequencies are shown in Figure 3 .
Their spatial distribution in the laboratory room is presented in Figure 4a (for 50 Hz) and Figure 4b (for 56 kHz) .
We have applied (2) as the sum of ratios between the highest E-field values measured in the laboratory class, at 50 Hz, 56 kHz and 62 kHz and the corresponding reference levels accepted for public exposure: This value is significantly below the accepted unit value, even for public, non-occupational exposure.
"IN SILICO" MEASUREMENT OF THE ELECTRIC FIELD PRODUCED BY OVERHEAD POWER LINES
The overhead power lines (OPLs) are major sources of LFEF which might reach, in specific conditions, the Action Levels stated by Directive 2013/35/EU. We have performed direct measurements with the device and the external sensor previously described for various High Voltage OPLs. The registered values were used for checking and validation of the proposed numerical method. In the scientific literature, there are many papers dealing with the computation of LFEF produced by overhead power lines, e.g. [18] - [23] , employing both analytical and numerical methods. We developed here a simple numerical approach based on Finite Element Method Magnetics 4.2 (FEMM 4.2) [24] , which is open source finite element software for solving low frequency electromagnetic problems on two-dimensional planar and axisymmetric domains.
As can be seen from the very recent data literature, concerns about the calculation of electric fields produced by overhead power lines are still topical. There are either variants of using very powerful general software [25] , alongside specific methods (such as charge simulation method, CSM) implemented in general mathematical computation software [26] or using simpler, 2D or more elaborate 3D models [27] .
This domain is also very topical from the reverse perspective, by developing reliable and cost-effective noncontact monitoring techniques for high voltage transport and distribution networks [28] , [29] .
In a previous study [30] , we have also applied FEMM 4.2 to compute low frequency magnetic fields associated with common configurations of OPLs used in Romanian power transport and distribution systems.
Double-circuit power line and associated FEMM model
OPL selected for this case study is a typical 110 kV doublecircuit line (DCL) with the xy coordinates of the 7 conductors presented in Table 5 .The architecture is determined by the steel pylons Sn 110.252 type, [31] and h = 15 m.
The power line FEMM model is shown in Figure 5a , meshed by a net of 252900 nodes and 505375 triangular elements.
The boundary conditions here applied assume that the scalar electric potential at the ground level and along the semi-circular boundary is zero (U = 0). The air region surrounding the conductors is taken large enough to neglect the side effects, having a radius of at least 10 times the arrangement dimensions.
All conductors are modeled as presented in Figure 5b , using the following electric parameters: for aluminum (Al),σ = 3.77×10 7 S/m and εr = 1; for steel (Ol, internal symbol), σ = 0.56×10 7 S/m and εr = 1. The analysis type is set to "current flow" (f = 50 Hz), which generally allows to determine electric field distributions, voltage distributions, current densities, etc.
7.2.
Electric field simulation results The distribution of the electric field around the power line is presented in Figure 7 (h = 8 m), where the horizontal contour indicates the width of the safety zone.
As it can be concluded from both Figure 6 and Figure 7 , the electric field exposure levels outside this area are very low, fast decreasing with distance. Note that the E-field density plot in Figure 7 is given in terms of peak value, as directly generated by FEMM 4.2.
Results obtained with this FEMM approach have been compared with similar calculations carried out with software tools based on quasi-static analytical methods [20] , as well as with measurements conducted in vicinity of several power lines. All the approaches lead to approximately comparable results.
CONCLUSIONS AND FURTHER ATTEMPTS
EU Member States have currently transposed Directive 35/2013/EU into their legislation. It is necessary to provide, both for the employers and for the appropriate authorities, an applicable procedure, based on a simple metric and budget equipment, aiming to decide by measurements, if a specific location is risky or not from the point of view of the exposure to electric (and also magnetic) fields. We have presented the approach intended to deal this question only for LFEF, based on an affordable handheld spectrum analyzer, easy to be made additional sensors and a cumulative metric derived from the rms vector magnitude.
The paper also stimulates the use of free-open source software, which can model complex configurations from the point of view of the generated electric (or magnetic) fields. To avoid systematic errors, it is advisable to verify the comparability between directly measured values and those obtained by modeling and simulation.
These domestic tests have the role of inexpensive internal control being namely oriented to small businesses. If there are found values close to the maximum allowed ones, it could be decided on the opportunity of calling for specialized firms.
As a further concern, we want to present a modeling proposal for the current densities simultaneously induced in the human body by the electric and magnetic fields. Concretely, through the HV-OPLs presented in the paper, usually pass currents of hundreds of amperes, so the generated magnetic field is also considerable. If the currents induced in the human body by the electric field produced by these HV-OPLs are vertical and linear, the ones produced by the magnetic field are shaped like circular loops. There might be an exposure risk in certain organs (e.g. one lung or one kidney). It is possible as the overlapping of these currents to be cumulative-additive, a matter that should need to be taken into account both in modeling and in legal regulations.
